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Background: Seizures are an under-reported feature of the SA7B2-associated syndrome
phenotype. We describe the electroencephalographic findings and seizure semiology and treatment
in a population of individuals with SATBZ2-associated syndrome.

Methods: We performed a retrospective review of 101 individuals with SATB2-associated
syndrome who were reported to have had a previous electroencephalographic study to identify
those who had at least one reported abnormal result. For completeness, a supplemental survey
was distributed to the caregivers and input from the treating neurologist was obtained whenever
possible.

Results: Forty-one subjects were identified as having at least one prior abnormal
electroencephalography. Thirty-eight individuals (93%) had epileptiform discharges, 28 (74%)
with central localization. Sleep stages were included as part of the electroencephalographies
performed in 31 individuals (76%), and epileptiform activity was recorded during sleep in all
instances (100%). Definite clinical seizures were diagnosed in 17 individuals (42%) with a mean
age of onset of 3.2 years (four months to six years), and focal seizures were the most common type
of seizure observed (42%). Six subjects with definite clinical seizures needed polytherapy (35%).
Delayed myelination and/or abnormal white matter hyperintensities were seen on neuroimaging in
19 individuals (61%).

Conclusions: Epileptiform abnormalities are commonly seen in individuals with SA7TB2-
associated syndrome. A baseline electroencephalography that preferably includes sleep stages

is recommended during the initial evaluation of all individuals with SA7B2-associated syndrome,
regardless of clinical suspicion of epilepsy.

Keywords
Glass syndrome; SATB2; Epilepsy; Electroencephalography; Seizure semiology

Introduction

SATBZ2-associated syndrome (SAS, Glass syndrome) is an auto-somal dominant disorder
characterized by neurodevelopmental delay with severe speech delay, palate and dental
abnormalities, behavioral issues, sleeping difficulties, and abnormal neuroimaging.1=3 The
syndrome is caused by molecular alterations of SA7BZ2 (special AT-rich sequence-binding
protein 2) including single-nucleotide variants, intragenic deletions and duplications,
contiguous gene deletions, and translocations with secondary gene disruption.2* SATB2

is an important epigenetic regulator during neurodevelopment. SATB2 acts as a transcription
factor that regulates chromatin remodeling and as a modulator of numerous micro RNAs
during and after corticogenesis.>8

SATBZhas recently been added to the list of epilepsy-related genes,? but the underlying
mechanism is far from clear. Although clinical seizures have been reported in several
individuals with SAS and with an estimated prevalence of approximately 20%, electro-
encephalographic (EEG) abnormalities are thought to be more prevalent than clinically
suggested,1-3.10-12
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To date, the electroclinical patterns and seizure treatment and outcome in SAS have been
infrequently and inconsistently described. We aim to describe the seizure history and EEG
abnormalities in a large cohort of individuals with SAS.

This study was approved by the Institutional Review Board of the University of Arkansas
for Medical Sciences. All participants and/or their guardians provided consent to participate.
Participants were part of an SAS registry of genetically confirmed subjects from all over
the world. These individuals were referred to this registry from a treating physician, an
inquiry from a genetic testing laboratory, direct contact from a caregiver, or through the
SAS support group. Individuals who were reported to have undergone EEG studies with
or without documented clinical seizures were then selected for further review, and only
those with an available EEG report were included in the study. For all included subjects,
a retrospective chart review was completed. For completeness, a survey (using REDCap)
about seizures and EEG results was sent to their guardian, and if available and willing to
participate, their primary neurologist was contacted to clarify points of confusion.

Electroencephalography and neuroimaging interpretation

Data from routine (under two hours) and long-term (over two hours) 21-channel EEG
studies were included and recorded in the awake, drowsy, or sleep states. Procedures

were performed at Arkansas Children’s Hospital or other local institutions. All reports

were reviewed with a single board-certified pediatric neurophysiologist (D.M.S.). Whenever
possible, brain magnetic resonance (MRI) studies were also reviewed by select examiners
(AV,G.H, and AR.).

Molecular studies

Results

Except for six individuals, the remaining participants were included in previous publications
detailing their clinical and genetic investigations.2-10 Individual SATB2—-143 underwent
molecular cytogenetic studies using whole-genome single-nucleotide polymorphism array
(Affymetrix, Santa Clara, CA, USA). Individuals SATB2-153, SATB2-159, SATB2-164,
and SATB2-1093 underwent whole-exome sequencing, whereas individual SATB2-11184
had whole-genome sequencing performed. Underlying molecular alterations were grouped
as follows: large chromosomal deletions (2933.1 deletions encompassing SA7B2and other
contiguous genes), truncating pathogenic variants (predicted nonsense and frameshift),
missense variants, intragenic deletions, and canonical splice site variants.

Clinical records were reviewed from 101 individuals with confirmed SAS (age three months
to 34 years) who had an EEG performed (54 reported as abnormal and 47 as normal per
parental report). Of these, EEG reports from 51 subjects were available for review (10
normal and 41 abnormal). Our study population consisted of 41 individuals with abnormal
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EEGs, who subsequently had their medical information and electroencephalographic data
evaluated in more detail (Table 1).

Neurodevelopment

Developmental delay and/or intellectual disability was present in all individuals. Many
of these subjects also had documented behavioral problems such as attention-deficit/
hyperactivity disorder and autism spectrum disorder (71%) as well as hypotonia (71%).

MRI findings

Thirty-one individuals (75.6%) had neuroimaging studies available for review. Of these,
abnormalities were reported in 21 (67.7%), most commonly as delayed myelination (61.9%)
or abnormal white matter hyperintensities (T2/fluid-attenuated inversion recovery, 47.6%).

Electroencephalographic findings

A total of 66 EEG studies were reviewed (1.6/individual) that were performed at an average
age of 5.2 years (one to 12 years). Thirty-eight studies were routine short-term studies, and
28 were long-term continuous EEGs. In the 18 subjects who had multiple EEG reports, 14
subjects had abnormal findings on their first EEG (77.8%).

Thirty-eight subjects (92.7%) had epileptiform discharges, with 34 subjects having focal
abnormalities (central spike or spike waves) that localized to central locations (73.7%),
whereas four subjects (10.5%) had generalized (widespread) activity (Table 2). Of note,
no clinical seizures were noted during the EEG recordings, although one subject had four
subclinical seizures. Two additional individuals had potential seizures with one having
possible subtle spasms (electrodecrements without definite clinical accompaniment) and
another having gelastic episodes that displayed no EEG changes.

Seizure semiology, epilepsy diagnoses, and nonepileptic events

Because no clinical seizures were captured on EEG studies, the diagnosis of epilepsy was
determined by the treating physician using clinical information along with support from the
abnormal findings on EEG.

Inall, 17 of 41 (41.5%) individuals with abnormal EEGs had verified clinical seizures with
a mean age of onset of 3.2 years (four months to six years) and with predominantly focal
(partial) epilepsy with or without bilateral tonic-clonic seizures (41.2%). Individual SATB2-
68, who has also carried a maternal inherited and likely pathogenic variant in CACNA1IH
(p.-Hisb15Tyr), was diagnosed with intractable infantile spasms and subsequently Lennox-
Gastaut syndrome. Ten additional individuals had episodes that were labeled as possible
seizures (staring spells, laughing fits, disorientation episodes). Other nonepileptic described
events based on EEG or semiology included laughing or crying episodes and limb jerks.
The presence of brain MRI abnormalities (28.6% individuals with abnormal brain MRI

had clinical seizures versus 50% individuals with normal brain MRI, = 0.42) or type of
mutation (53.3% of individuals with missense mutations had clinical seizures versus 34.6%
of individuals with other genetic alterations, 2= 0.33) did not correlate with the diagnosis of
clinical seizures.
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There was considerable activation of epileptiform activity during sleep, most commonly
represented as central spikes or central spike waves. When included as part of the EEGs
performed, epileptiform activity was recorded during sleep in all instances (31 of 31 =
100%). Of these, 25 subjects (80.6%) had an increase in epileptiform activity and/or spread
of that activity to other areas during drowsiness or sleep. Four individuals met (two subjects)
or approached (two subjects) the limit for the diagnosis of electrical status epilepticus in
sleep (ESES) based on their EEG reports. Of the subjects with epileptiform activity during
sleep, 18 (58.1%) had subjective sleeping difficulties.

Twenty-nine subjects (70.7%) tried at least one antiepileptic medication (including three
individuals on cannabidiol [CBD] or CBD oil). Of these, 10 subjects required three or

more medications (Table 2, Fig). Other individuals without clinical seizures were started on
antiepileptic medications based on clinical judgment of the treating neurologist for parental
report of nonepileptic events with or without sleep disruption and considering EEG findings.

Overall, levetiracetam was the most commonly tried medication (15 individuals); however,
overall it was not well-tolerated and only two subjects currently use it. The most common
reasons for discontinuing levetiracetam included aggression, constipation, hallucinations,
and rash. Oxcarbazepine, valproate, lamotrigine, and clobazam were the next most
commonly tried medications (eight, eight, six, and five subjects, respectively) and were

all well-tolerated with seven of eight, five of eight, five of six, and four of five still taking the
medications currently.

Some individuals in this cohort also tried nonpharmacologic and/or herbal treatments. Three
subjects tried artisanal CBD: one discontinued it, whereas two subjects continue to use it as
monotherapy (although neither had a clinical diagnosis of epilepsy). Two other individuals
tried a ketogenic diet, but both discontinued. One individual (SATB2-68) is subjectively
well controlled currently after a vagus nerve stimulator placement and continued
antiepileptic medications; however, objective EEG evaluations revealed electrodecrements
without clinical accompaniment that could represent subclinical/electrographic epileptic
spasms until age 4.5 years.

Discussion

The neurodevelopmental, behavioral, skeletal, and craniofacial features of SAS have been
previously well described.12:10.13 The presence of epilepsy has been estimated at around
20% in SAS,2 whereas in this report, we documented that electroencephalo-graphic
abnormalities are at least twice as common (41 of 101 individuals who reportedly underwent
an EEG examination were confirmed to have abnormalities). In our cohort, epileptiform
abnormalities were seen in at least 37.6% individuals undergoing EEG (38 of 101), but only
16.8% had clinical seizures (17 of 101).

Nearly half of the individuals with SAS in the five to 15 years age range have at least one
type of sleep disorder, with younger individuals having more problems.1# In this study, we
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report that all individuals with abnormal EEG studies had activation of their EEGs during
sleep stages with an increased frequency of epileptiform discharges and/or enlargement of
the affected area during drowsiness or sleep. This includes four individuals who met or were
close to meeting the requirements for ESES. The activation of epileptiform activity during
sleep manifested in several different ways including sleep-activated seizures and poor sleep.
It also suggests that SAS should be considered in the differential diagnosis of individuals
being diagnosed with an epileptic encephalopathy of sleep.

White matter signal abnormalities are sometimes reported as an incidental finding in healthy
children (1.9%). Among our cohort with abnormal EEG findings, a number of individuals
presented with delayed myelination and/or abnormal white matter hyperintensities on
neuroimaging. We documented a statistically significant higher frequency of white matter
signal abnormalities in the group of individuals with abnormal EEGs who underwent
neuroimaging (1.9% vs 32.3%, P< 0.0001),1> whereas we were unable to document

a relationship between abnormal neurcimaging and the presence of clinical seizures.

Further investigation will be required to determine a possible relationship between epilepsy,
neuroinflammation, and white matter abnormalities in SAS.

Intriguingly, Satb2-deficient mice display reduced neuronal excitability, decreased excitatory
synaptic inputs in CA1, and increased resistance to seizures.16 This finding mirrors those

of similar studies showing impaired long-term potentiation and memory,”-17 whereas it is in
marked contrast to our findings of reported epileptogenic tendencies in SAS suggesting that
environmental or other factors could explain the discrepancy.

Individuals with SAS have a large spectrum of epilepsy diagnoses, with the most common
being focal epilepsy. A variety of antiepileptic medications were used in this population.
Although levetiracetam was the most likely to be used, it was one of the least tolerated
agents mostly due to well-known behavioral side effects. The three medications that

were well-tolerated and had the most patients with verified clinical seizures in the “well-
controlled” category were oxcarbazepine, lamotrigine, and clobazam. At this point, we

do not have convincing data to recommend one of these medications over another and

the personal behavioral profile of a patient with SAS should be taken into consideration
upon choosing a treatment strategy. Two individuals were currently being managed with
artisanal CBD oil as monotherapy (neither diagnosed with seizures clinically). Of note,
the endocannabinoid system, via the cannabinoid CB1 receptor has been shown to exert a
regulatory role in corticogenesis and deep-layer neuron specification through the regulation
of Ctip2-Satb2 balance.18:19

There are several limitations to this study. The use of an online survey with data entered

by caregivers may raise concerns over the validity of the data. To reduce errors in the

data, medical records for all individuals were also reviewed and the opinion of the treating
neurologist was collected whenever possible. Clinical presentations and seizure semiology
(even after receiving clarification from the neurologists) were difficult to determine if they
were epileptic in nature, which accounts for our considerable percentage from the possible/
likely seizure group. With the main purpose of the study being to describe the seizure
semiology, medical management, and the electrographic pattern of abnormalities in SAS,
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we concentrated on the population with confirmed abnormal prior EEG. Therefore, because
we were unable to obtain all EEG reports regardless of the results to confirm parental
reports, we cannot determine clear genotype/phenotype correlations that could result in
higher epileptogenic risk or accurate frequency of clinical seizures/EEG abnormalities in
SAS. Likewise, the clinical indication for the clinician to order the EEG was unknown in
most cases, making the calculation of the rate of abnormalities even more difficult. Last,
most individuals were diagnosed through comprehensive genetic evaluations, whereas other
genomic alterations that could influence the phenotype were not systematically evaluated,
and for at least one individual (SATB2-68), a concurrent mutation in a separate gene
(CACNA1H) could explain his more severe phenotype. Despite these limitations, our results
provide a more detailed outline of the electroclinical patterns and seizure management in
SAS. Larger cohorts of individuals with SAS and epilepsy are crucial to develop a clearer
understanding of epilepsy and EEG abnormalities in this population. Furthermore, future
studies could also investigate which treatments for epilepsy are most effective for subjects
with SAS while a better understanding of the pathophysiology underlying epilepsy in SAS
could lead to individualized therapeutic strategies.

In summary, SAS should be part of the differential diagnosis for any child who presents
with developmental delay and seizures, particularly in the presence of other suggestive
craniofacial or dental features. Although current management recommendations for SAS
suggest to obtain an EEG only if seizures are suspected,3* considering the relatively high
frequency of EEG abnormalities, we recommend that an EEG should be performed during
initial evaluation in all individuals with SAS (abnormalities reported as early as infancy)
and preferably including sleep stages due to the risk of generalized patterns with or without
witnessed seizures and the small risk for ESES, which may remain undetected without
EEG evaluation. Early detection of abnormal epileptiform activity on EEG during sleep or
awake stages could help initiate further long-term EEG monitoring, characterize spells as
epileptiform or non-epileptiform, and institute prompt treatment against subclinical seizures
and ESES, which may limit cognitive and developmental deterioration in SAS individuals.
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41 individuals with
abnormal EEG
38 with epileptiform 3 with other
discharges abnormalities

17 individuals [ 17: clinical seizures ]

7 individuals 9 POSSi_ble 2 individuals
> clinical seizures ¢ —

14 individuals 15: no clinical 1 individual
seizures

[Current antiepileptic treatment]

18 individuals: not 15 individuals: monotherapy 6 individuals: On two 2 indi\{idlx.als: on >3
on treatment antiepileptics antiepileptics
11: never needed 7: treatment 9: have always been on same 4: started on same two - 1onclobazam + zonisamide+
treatment discontinued medication medications brivaracteam
- 1onlevetiracetam +

gabapentin + clobazam

FIGURE.
Electroencephalographic (EEG) findings, clinical description, and current treatment in 41

individuals with abnormal EEG. The color version of this figure is available in the online
edition.
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TABLE 1.

Demographic and Clinical Characteristics of the Study Population

Characteristic All Individuals With at Least One Abnormal EEG (n = 41)
Male 20 (48.8%)
Median age, years (range) 6.0 (1.5-20.5)
<2 years 2 (4.9%)
2-9 years 28 (68.3%)
10-17 years 9 (21.9%)
> 18 years 2 (4.9%)
Molecular alteration
Missense variant 15 (36.6%)
Truncating variant 14 (34.1%)
Large deletion 6 (14.6%)
Intragenic deletion 5 (12.2%)
Splice site 1 (2.4%)
Neuroimaging
At least 1 brain MRI available 31 (75.6%)
Abnormal 21 (67.7%)
Delayed myelination (n = 21) 13 (61.9%)
Hyperintense lesions (n = 21) 10 (47.6%)
Abnormal corpus callosum (n = 21) 5 (23.8%)
Large/dysmorphic ventricles (n = 21) 3(14.3%)
Decreased white matter volume/atrophy (n = 21) 3 (14.3%)

Electroencephalograms

Individuals with single study 23 (56.1%)

Individuals with multiple EEGs 18 (43.9%)
Abnormalities on the first EEG (n = 18) 14 (77.8%)

Epileptiform discharges 38 (92.7%)
Central (n = 38) 28 (73.7%)
Parietal (n = 38) 17 (44.7%)
Temporal (n = 38) 13 (34.2%)
Frontal (n = 38) 9 (23.6%)

Seizures

Clinical seizures and epilepsy syndromes 17 (41.4%)
Focal (partial) 7 (41.2%)
Multifocal/generalized 5 (29.4%)
Atonic 4 (23.5%)
Benign olandic epilepsy 3 (17.6%)
ESES 3 (17.6%)
Lennox-Gastaut syndrome 1(5.9%)
Infantile spasms 1(5.9%)
Benign partial epilepsy of childhood 1 (5.9%)
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Characteristic

All Individuals With at L east One Abnormal EEG (n = 41)

Possible seizures

No seizures

9 (21.9%)
15 (36.6%)

Abbreviations:

EEG = Electroencephalography

ESES = Electrical status epilepticus in sleep

MRI = Magnetic resonance imaging
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